Background: Antioxidant status can be used as a biomarker to assess chronic disease risk and diet can modulate antioxidant defence. Objective: To examine effects of vegetarian diet and variations in the habitual intakes of foods and nutrients on blood antioxidants. Subjects and Setting: Thirty-one vegetarians (including six vegans) and 58 omnivores, non-smokers, in Northern Ireland. Design: A diet history method was used to assess habitual diet. Antioxidant vitamins, carotenoids, uric acid, zinc-and ferricreducing ability of plasma (FRAP) were measured in fasting plasma and activities of glutathione peroxidase (GPX), superoxide dismutase (SOD) and glutathione S-transferase (GST) and level of reduced glutathione (GSH) were measured in erythrocytes. Results: Vegetarians had approximately 15% higher levels of plasma carotenoids compared with omnivores, including lutein (Pp0.05), a-cryptoxanthin Pp0.05), lycopene (NS), a-carotene (NS) and b-carotene (NS). The levels/activities of all other antioxidants measured were similar between vegetarians and omnivores. Total intake of fruits, vegetables and fruit juices was positively associated with plasma levels of several carotenoids and vitamin C. Intake of vegetables was positively associated with plasma lutein, a-cryptoxanthin, a-carotene and b-carotene, whereas intake of fruits was positively associated with plasma b-cryptoxanthin. Intake of tea and wine was positively associated with FRAP value, whereas intake of herbal tea associated positively with plasma vitamin C. Intakes of meat and fish were positively associated with plasma uric acid and FRAP value. Conclusions: The overall antioxidant status was similar between vegetarians and omnivores. Good correlations were found between intakes of carotenoids and their respective status in blood.
Introduction
The body's antioxidant defence comprises both endogenous and dietary components. The endogenous sources of antioxidants include the antioxidant enzymes such as superoxide dismutase (SOD), glutathione peroxidase (GPX), catalase (CAT), glutathione reductase (GR), glutathione S-transferases (GSTs) and non-enzymatic antioxidants such as reduced glutathione (GSH), transferrins, ferritins, metallothionines, albumins, and non-protein metabolic byproducts such as bilirubin, ubiquinol and uric acid (Halliwell and Gutteridge, 2003) . The dietary sources of antioxidants in the body include several micronutrients such as vitamin A, vitamin C, vitamin E, and extranutrients such as carotenoids, polyphenols including flavanoids, phyto-oestrogens, organosulpher compounds, plant sterols, phytic acid (Lindsay and Astley, 2002) . The major food groups from which the dietary antioxidants are obtained include fruits and vegetables, whole grains, legumes, green tea, red wine and vegetable oils (Lindsay and Astley, 2002; Mayne, 2003) . Diet can have important roles in modulating antioxidant status either by directly increasing levels of dietary antioxidants, or by indirectly influencing endogenous antioxidant capacity.
Owing to their inverse associations with several chronic diseases, antioxidant status in cells and extracellular fluids have been increasingly used in recent studies as biomarkers or intermediate end points to assess risk of development of chronic diseases including cardiovascular diseases and cancers (Diplock, 2000; Mayne, 2003; Collins, 2005) . However, although epidemiological studies have shown increased levels of in vivo antioxidants being associated with a decrease in chronic disease risk, randomized intervention trials carried out with individual antioxidants or simple antioxidant mixtures have failed to substantiate these associations by producing equivocal results (Lindsay and Astley, 2002) . This has led to some researchers questioning the efficacy of antioxidants per se in reducing chronic disease risk and suggesting that antioxidants could merely be acting as a marker of the body status of 'other' entities, which might ultimately be responsible for the associations observed in epidemiological studies. At the same time, increased intakes of foods, also rich in antioxidants such as fruits and vegetables (Ness and Powles, 1997; Law and Morris, 1998; Genkinger et al., 2004; La Vecchia, 2004) , and whole grain cereals (Slavin, 2003; Seal, 2006) have been associated with a decrease in the risk of chronic diseases including cancer and cardiovascular diseases.
The present study had two aims. The first aim was to establish if there were any differences in blood antioxidant status between two groups with different habitual diets, that is, vegetarians and omnivores. The second aim was to determine the influences of antioxidant status of variations in the habitual intakes of fruits and vegetables, other foods and nutrients.
Subjects and methods

Subjects
The study was conducted with the approval of the Research Ethical Committee of the University of Ulster and with the informed consent of the participants. The subjects were healthy and aged between 18 and 64 years. The exclusion criteria were smoking, use of prescribed medications, acute or chronic illnesses within 3 months of participation in the study. In total, 31 vegetarians and 58 omnivores, who satisfied inclusion/exclusion criteria and were willing to volunteer participated in the study. Vegetarians were defined as those who did not consume meat, chicken, fish or other flesh foods, any more than six times per year (Li et al., 1999) . Among the vegetarian group, there were six vegans who also refrained from eating eggs and dairy products. Omnivores were those who did not have any dietary restrictions. All subjects had followed their respective diets for at least 3 years before recruitment. As part of the anthropometry measurements, subjects were asked to complete a 'Health and Lifestyle Questionnaire', their height and weight measured and body mass index (BMI) calculated. A fasting blood sample was collected and a dietary assessment carried out within a month of the blood sampling.
Dietary assessment
A diet history method was used to obtain information on the habitual food and nutrient intakes of the volunteers (Hankin, 1986) . The method has previously been validated against 24-h urinary nitrogen excretion (Black et al., 2000) and is believed to place fewer burdens and obtain a better measure of long-term habitual intakes than diet records (Hankin, 1986) . All diet histories were collected between the months of October and April to minimize effects of seasonal variations of dietary habits. The method involved a face-toface, open-ended interview between the subject and the researcher for about 1 h. The subjects were asked to give a full account of their usual food intakes in a typical, normal week, covering all meals and snack foods. Portions sizes were estimated using a food atlas, which was developed for the North/South Ireland Food Consumption Survey (Harrington et al., 2001) . Each photograph showed different portion sizes of individual foods on a common dinner plate that the subjects could easily relate to, and they were asked to describe the food quantities that they had eaten in terms of fractions or multiples of the amounts of food shown in the appropriate photograph in the food atlas. The weights (g) of these foods or their portions shown on the pictures were previously measured and derived from the UK average portion weight data (Ministry of Agriculture, Fisheries and Food, 1997) . When a food consumed was not present in the food atlas, portion sizes were estimated using natural units, common household measures or as a proportion of a typical package size (such as third of a pint, half of a can). Portion sizes were then converted into corresponding gram weights using the Ministry of Agriculture, Fisheries and Food (currently known as the Food Standards Agency, UK) book on 'Food Portions Sizes' (Ministry of Agriculture, Fisheries and Food, 1997) . The dietary intake information obtained from the diet histories were then entered into a nutritional analysis software programme WISP, version 2.0 (Tinuviel Software, Warrington, UK) to obtain information about the mean daily intakes of all the major nutrients as well as the major food groups, including subgroups of fruit and vegetables. The individual fruits or vegetables consumed were placed into the various subgroups according to Eurocode2 Food coding system, which was developed within the European FLAIR Eurofoods-Enfant Project (Unwin and Moller, 2000) classifications of fruits, vegetables and their products. In addition, to obtain a more detailed assessment of plant food intake, the total intake of fruits, pure fruit juices and vegetables was estimated using a manual method. This method entailed extracting from each diet history, details of every item of fruit juice/fruits/vegetables, including those from composite recipes, consumed by each individual for all eating occasions. The total consumption was then expressed in terms of portion sizes, with one portion size corresponding to 200 ml of pure fruit juice or 80 g of fruits or 80 g of vegetables (Cox et al., 1997) .
Blood sampling, preparation and storage Fasting blood samples (50 ml) were collected in Li-heparin Vacuette tubes (Greiner Bio-one, Austria) and fractionated into plasma and red cell concentrate (RCCs) within 3 h of sampling by centrifugation at 1000 g, 10 min, 41C. The plasma layer was then aliquoted into separate Eppendorf tubes for the different assays, and immediately frozen to À801C until further use. The red cell pellets were washed twice with phosphate buffered saline (PBS) by centrifugation at 1000 g for 10 min, 41C and the washed RCC was then aliquoted and stored in individual Eppendorf tubes at À801C for each separate analysis until further use.
For vitamin C analyses, plasma samples were mixed with 1 in 10 volumes of 10% metaphosphoric acid (MPA, w/v) solution, so as to precipitate proteins and stabilize the plasma. The mixing was done within 30 min of separating plasma from whole blood and was then stored immediately at À801C until analysis. The plasma samples for FRAP assay were aliquoted into cryotubes and were immediately frozen to À801C, and subsequently transferred to liquid nitrogen after 24 h. The plasma for FRAP assay were stored in liquid nitrogen so as to minimize the degradation/oxidation of vitamin C in the sample.
Antioxidant measurements
All samples were measured in duplicate for the various analyses using appropriate standards and quality control materials to monitor inter-/intra-batch variations in the measurements. The fat-soluble vitamin A (retinol), vitamin E (a-tocopherol) and carotenoids such as b-carotene, a-carotene, lutein, lycopene, a-cryptoxanthin and b-cryptoxanthin were measured concurrently using HPLC according to the method and set-up of Thurnham et al. (1988) . The interbatch coefficient of variances (CVs) for (BTS plasma) controls ranged from 3 to 11% for the different components measured, with retinol and lutein having CVs of about 3%, and lycopene, b-carotene and the cryptoxanthins having CVs of 8, 8 and 11%, respectively. The concentration of vitamin C in the plasma was measured on COBAS Bio centrifugal analyser with a fluorescent attachment based on the method by Vuilleumier and Keck (1989) . The previously frozen vitamin C plasma preparations were thawed carefully and maintained at 41C throughout the assay procedure. The mean CV for the interbatch controls was 2.4%. Plasma uric acid (UA) concentration was measured in the clinical chemistry laboratories of the Altnagalvin Hospital, Londonderry, Northern Ireland, using standard clinical chemistry procedures. The concentration of zinc in plasma was measured using a commercial kit (Randox Laboratories Ltd, Crumlin, N. Ireland, UK) using a Hitachi 912 analyser according to the kit manufacturer's protocol. The inter-batch CV for the controls was 3.88%. The FRAP assay, a measure of the total antioxidant capacity of plasma, was carried out using a Hitachi 912 autoanalyser based on the method by Benzie and Strain (1996) . The plasma samples were first thawed on ice (41C) from liquid nitrogen, then mixed on roller mixer for 5 min and assayed within an hour. The CV for the inter-batch controls was 3.93%. The non-uric acid FRAP value was calculated using the equation
GSH concentration was measured in RCC using a commercial kit (Calbiochem, Nottingham, UK) in the COBAS Fara centrifugal autoanalyser according to the kit manufacturer's protocols. The inter-batch CV for the low control (plasma) was 0.43% and that for the high control (whole blood) was 0.34%. GPX activity in RCC was measured on a Hitachi 912 analyser using a commercial kit (Ransel kit, Randox Laboratories Ltd), according to kit manufacturer's instructions. The inter-batch CV for the controls was 4.82%. SOD activity in RCC was measured on the Hitachi 912 analyser using a commercial kit (Ransod kit, Randox Laboratories Ltd), according to kit manufacturer's instructions. The inter-batch CV of the controls was 5.03%. Total GST activity was determined in RCC according to the method of Lampe et al. (2000) based on a modification of the method of Habig et al. (1974) using COBAS Fara centrifugal autoanalyser. The interbatch CV for controls was 14.35%. All the measurements using RCC were standardized for RCC haemoglobin (Hb) concentration and were expressed as U/g Hb. The RCC Hb was measured using the Sysmex2 automated haemoglobinmeter (Sysmex UK Ltd, Milton Keynes, UK).
Statistical methods
All statistical analyses were carried out using the Statistical Package for Social Sciences (SPSS) for Windows version 11.0. (SPSS Inc., Chicago, IL) software. Univariate analyses (general linear model) were used to compare food and nutrient intakes as well as to compare levels of various antioxidants in blood between vegetarians and omnivores, adjusting for age, sex and BMI (covariates). Since a substantial number of subjects (28% of total cohort) used antioxidant or multivitamin (AOX) supplements, the levels of antioxidants and total antioxidant status between vegetarians and omnivores were compared in all subjects as well as in the subgroup of subjects who did not use any kind of AOX supplements. Where appropriate, the data were log 10 transformed before statistical analyses to achieve normal distribution.
Multiple linear regression analyses with backward elimination were carried out to investigate the influences of different foods and nutrients on the various measures of antioxidants and antioxidant status in blood. Each regression model consisted of either a cluster of food groups or a cluster of nutrient groups as shown in Table 1 . Foods and nutrients were analysed in clusters so as to reduce the large set of variables into smaller groups, which if used together in a single regression model with a large number of independent variables, could have given rise to statistical confounding, and possibly leading to spurious results. Each different antioxidant measure was used as separate dependent variables, whereas groups of foods or groups of nutrients were used as independent variables. Age, sex and BMI were also used as independent variables in every regression model to adjust for these confounding factors. Data from all subjects, vegetarians and omnivores were pooled together and treated as one population, and for every regression model, two separate regression analyses were carried out -one with all subjects and the other excluding AOX supplement users. This was done to examine whether exclusion of AOX supplement users from the total group made any difference to the associations found between the various foods/nutrients and the levels of blood antioxidants/total antioxidant status. Partial regression plots were used to verify that any significant associations found represented the population as a whole.
Results
Vegetarians vs omnivores
The mean age, BMI, energy intake, and the intakes of foods and nutrients (related to antioxidant status) in vegetarians and omnivores are shown in Table 2 . The mean age, BMI and energy intake were similar in both the diet groups. Vegetarians had higher intake of vegetables (particularly green leafy vegetables, peppers and tomatoes) and they also had a higher intake of vegetable dishes. The intake of fruits was similar in the two groups and the omnivores had significantly higher intake of meat, poultry and fish. Subsequently, the intake of protein (Po0.001) was higher in the omnivore group, whereas the intakes of fibre (Po0.05), vitamin A (Po0.05), vitamin C (Po0.01), vitamin E (Po0.001) and total carotenes (Po0.01) were higher in the vegetarian group. From the Health and Lifestyle Questionnaire, it was found that 45% of vegetarians and 19% of omnivores consumed at least one type of antioxidant/multivitamin (AOX) supplements. The levels of various antioxidants and total antioxidant status (FRAP value/non-uric acid FRAP value) in vegetarians and omnivores are shown in Table 3 . The results are shown for the whole cohort as well as for the non-users of antioxidant/multivitamin (AOX) supplements. There were no significant differences in the activities of endogenous antioxidant enzymes (GPX, SOD and GST) or in the levels of GSH in RCC (erythrocytes) between vegetarians and omnivores, irrespective of whether or not they consumed AOX supplements. Levels of antioxidant vitamins, vitamin A Influence of habitual diet on antioxidant status S Haldar et al (retinol), vitamin C (ascorbic acid) and vitamin E (a-tocopherol) in plasma were also similar in the two diet groups. Plasma levels of carotenoids in general, however, were about 15% higher in vegetarians as compared with omnivores in all subjects as well as in the non-consumers of AOX supplements. Levels of both lutein and a-cryptoxanthin were significantly higher in vegetarians (both Po0.05), and other carotenoids such as lycopene, a-carotene and b-carotene were also higher in this diet group, although none of these differences reached statistical significance. The mean plasma concentration of zinc was similar in vegetarians and omnivores. Mean plasma level of uric acid was similar in the two diet groups when all subjects were considered, but was significantly higher in omnivores (Po0.05) who did not consume antioxidant/ multivitamin (AOX) supplements as compared with the same sub-population of vegetarians. Similarly, there was no difference in the total antioxidant capacity of plasma (FRAP value) between vegetarians and omnivores in all subjects, although in the non-users of AOX supplements, omnivores had a higher mean FRAP value (Pp0.05) compared with the vegetarians. The total antioxidant capacity of plasma without uric acid (non-uric acid FRAP) was also calculated and found to be similar in the two diet groups (Table 3) .
Food intake and antioxidant status
On the basis of multiple linear regression analyses with backward elimination, several positive and negative associations emerged between the various foods in the major food groups and blood antioxidants/total antioxidant status, as shown in Table 4 . The notable associations (with plausible biological causal effects) included the positive association between total vegetables intake and plasma levels of several carotenoids (lutein, a-carotene, b-carotene and a-cryptoxanthin) and the positive association between total fruit intake and plasma b-cryptoxanthin. There were also positive associations between both fish and red meat intakes and plasma uric acid level and total antioxidant status (FRAP value). Intakes of fats, oils and spreads and of beans and lentils were positively associated with plasma retinol level. There were negative associations between intake of flour/ grain product and erythrocyte SOD activity and plasma zinc level, whereas beans and lentils intake was negatively associated with erythrocyte GPX activity. Intake of vegetable dishes was negatively associated with GPX activity, but positively associated with GST activity in the non-users of AOX supplements subgroup only. As with the major food groups, multiple linear regression analyses with backward elimination were carried out to identify associations that might exist between the intakes of various phytochemical-rich foods and the levels of antioxidants/total antioxidant status in blood. In particular, the subgroups of fruits and vegetables that had the most influence on blood antioxidant levels were identified. The various associations are shown in Table 5 and the major ones are outlined below. Habitual intake of peppers was positively Influence of habitual diet on antioxidant status S Haldar et al associated with a range of plasma carotenoids (lutein, a-and b-carotenes and cryptoxanthins), whereas intake of root vegetables was positively associated with plasma a-carotene.
In the non-users of AOX supplements, green leafy vegetables intake was positively associated with plasma levels of a-tocopherol, lutein and a-cryptoxanthin. Vegetable dishes intake was positively associated with plasma levels of both retinol and lutein. Both green leafy and cruciferous vegetables intakes were positively associated with erythrocyte SOD activity. Beans and lentils and vegetable dishes intakes were negatively associated with erythrocyte GPX activity, whereas beans and lentils intake was positively associated with plasma retinol level. With regards to the intake of fruits, berry intake was positively associated with plasma vitamin C and erythrocyte SOD activity, whereas intakes of both citrus and 'other' fruits were positively associated with plasma level of b-cryptoxanthin. Among other phytochemical-rich foods, intake of tea (green and black combined) was positively associated with plasma levels of retinol, uric acid and total antioxidant status (FRAP). Herbal tea intake was positively associated with plasma vitamin C, and wine intake was positively associated with plasma retinol, vitamin C and total antioxidant status (FRAP). Finally, the influence of total portion intake of fruits, vegetables and fruit juices (including those from composite dishes) on levels of various antioxidants and total antioxidant status in blood were investigated using multiple linear regression analyses (without backward elimination), adjusting for age, sex and BMI. Total portion intake of fruits, vegetables and fruit juices was positively associated with plasma levels of lutein (Po0.01), b-cryptoxanthin (Po0.001), b-carotene (Po0.05) and vitamin C (Po0.05) in both users as well as non-users of AOX supplements (results not shown). Total portion intake of fruits, vegetables and fruit juices was also positively associated with plasma a-carotene in the total group only (Po0.05) and was marginally associated positively with plasma levels of a-tocopherol (P ¼ 0.056) only in the non-users of AOX supplements.
Nutrient intake and antioxidant status
The influence of habitual intake of various nutrients from food sources alone on the levels of various antioxidants and total antioxidant status in blood was investigated using multiple linear regression analyses with backward elimination. The nutrients under investigation were clustered into three groups (macronutrients, selected micronutrients and B-vitamins; Table 1 ) for use in separate regression models as mentioned, and the notable associations are outlined below. With regard to the macronutrients (data not shown), protein intake was positively associated with both plasma uric acid level (Po0.01) and total antioxidant status of plasma (FRAP value; Po0.01). Saturated fat intake was positively associated with plasma zinc level (Po0.05), whereas dietary fibre intake was negatively associated with red cell SOD activity Influence of habitual diet on antioxidant status S Haldar et al (Po0.05). Cholesterol intake was positively associated with plasma retinol level (Po0.01). Of the micronutrients, as shown in Table 6 , the notable associations included the positive associations between vitamin C intake and plasma levels of several carotenoids (lutein, b-cryptoxanthin, a-cryptoxanthin) and antioxidant vitamins (retinol and a-tocopherol). Carotene intake was also positively associated with plasma levels of a-carotene, b-carotene and g-tocopherol in the non-users of AOX supplements, whereas negatively associated with plasma zinc level in both subgroups. Selenium intake was negatively associated with erythrocyte SOD activity, whereas zinc intake was positively associated with erythrocyte activities of both GPX and SOD. Finally, calcium, copper and magnesium intakes also had various positive and negative associations with the activities of GPX, SOD and GST (Table 6 ). Among the intakes of B-vitamins (results not shown), vitamin B 12 intake was positively associated with plasma uric acid level (Po0.05) and total antioxidant status (FRAP value, Po0.01).
Discussion
Several epidemiological studies indicate that vegetarians have a reduced incidence of many chronic diseases, including cardiovascular diseases and cancers and a reduced mortality from these diseases as compared with omnivores on a mixed Western diet (Fraser, 1999; Key et al., 2003; Chang-Claude et al., 2005) . This might in part be due to the higher intake of antioxidant nutrients and extra-nutrients in vegetarians (Sabate, 2003; Cade et al., 2004; Key et al., 2006) . However, very few studies looked at antioxidant status in vegetarians as compared with omnivores (Krajcovicova- Kudlackova and Dusinska, 2004; Szeto et al., 2004) . The results of this study indicate that there were no differences between vegetarians and omnivores in the level of cellular endogenous antioxidants, such as in the activities of GPX, SOD and GST in erythrocyte, in the level of GSH in erythrocytes and in the plasma levels antioxidants nutrients (vitamin C, retinol and a-tocopherol) despite the increased dietary intakes of these antioxidants by the vegetarian group. The reason for the lack of difference in the antioxidant vitamin status between the two groups might partly be due to homeostasis and/or saturation of retinol and a-tocopherol (Thurnham and Northrop-Clewes, 1999) , and partly to plasma vitamin C level reflecting current vitamin C intake rather than the habitual intake (Bates and Thurnham, 1997) . Moreover, since this was a 'convenient cohort', the healthy volunteer effect, particularly in the omnivore group could not be ruled out. However, the most pronounced and consistent difference found in the blood antioxidant levels between vegetarians and omnivores was the increased levels of plasma carotenoids in vegetarians, irrespective of whether or not they were AOX supplement users. Plasma levels of the carotenoids including lutein, a-cryptoxanthin, lycopene, a-carotene and b-carotene were all higher in the vegetarian group by about 15% on average, and this is consistent with the greater intake of vegetables and subsequently a higher intake of carotenes in vegetarians. These carotenoids have been found to exhibit anti-carcinogenic and anti-atherogenic properties as reviewed previously (Mayne, 1996; Palace et al., 1999) , although it should be noted that randomized intervention trials with relatively high doses of individual carotenoids fed in isolation have shown an increased risk of some chronic diseases (Alpha-Tocopherol, Beta Carotene Cancer Prevention Study Group, 1994; Omenn et al., 1996) . Nonetheless, the combined effects of increased levels of various carotenoids could have significant biological effects, as it has been suggested that several phytochemicals in combination may have a better protective effect than their individual parts (Liu, 2003) . The increased plasma carotenoids, resulting mainly from the increased vegetables intake in vegetarians could also reflect elevated levels of 'other' phytochemicals in blood/body, which have not been measured in this study, including polyphenols, phyto-oestrogens and organosulfer compounds that are thought to have antioxidant as well as other biologically important properties (Kris-Etherton et al., 2002) . It should be noted that the plasma levels of b-cryptoxanthin were similar in the two diet groups, which was most likely to be owing to similar intakes of fruits between the vegetarians and omnivores, as fruits such as oranges are the major dietary sources of this carotenoid (O'Neill et al., 2001) .
Although the intake of zinc was similar, there was no significant difference in the plasma level of zinc between vegetarians and omnivores, despite previously reported lower bioavailability of zinc from vegetarian diets (Hunt, 2003) . Finally, although the total antioxidant status of plasma (FRAP value) was similar between vegetarians and omnivores when all subjects were considered together, this was significantly higher in omnivores (P ¼ 0.05) when AOX Influence of habitual diet on antioxidant status S Haldar et al supplement users were excluded from the comparison, which could partly be owing to significantly higher levels of plasma uric acid in this subgroup (Po0.05), since plasma uric acid is thought to contribute to about 60% of the total FRAP value (Benzie and Strain, 1996) . However, on comparing the non-uric acid FRAP value, we did not find any significant differences in the two diet groups. Very few studies have examined how variations in the habitual intakes of different foods and nutrients affect levels of the majority of in vivo blood antioxidants within a single cohort. The cohort in this study consisted approximately one-third vegetarians with the remainder omnivores, thus incorporating a wide range of dietary habits within a relatively small study population (n ¼ 89). A large number of significant associations, both positive and negative, emerged between food and nutrient groups intake and blood antioxidant status in this study. As expected, the total combined intake of fruits, vegetables and fruit juices, including those from composite recipes was positively associated with a range of carotenoids as well as vitamin C in plasma, results very similar to that found by Block et al. (2001) . Thus, habitual intakes of fruit and vegetables could indeed be instrumental in increasing antioxidant status by increasing levels of several direct-acting dietary antioxidants.
Plasma lutein and a-cryptoxanthin levels were positively associated with the intake of total vegetables and more specifically with peppers and green leafy vegetables, whereas plasma a-and b-carotene levels were positively associated with the intakes of peppers and root vegetables. Similarly, plasma b-cryptoxanthin level positively associated with fruits (especially citrus variety) intake. These findings are consistent with the results from major databases, which contain information on the main sources of carotenoids in foods (O'Neill et al., 2001; Garcia-Closas et al., 2004) , suggesting that there are good correlations between carotenoid intake from foods and the respective carotenoid levels in plasma, findings supported by other epidemiological/ intervention studies (Trichopoulou et al., 2003; Brevik et al., 2004; Jansen et al., 2004) . Epidemiological studies have shown negative associations between plasma level of several carotenoids and the risk of chronic degenerative diseases including cancers (Sato et al., 2002; Abnet et al., 2003; Steck-Scott et al., 2004) , stroke (Hak et al., 2004) and macular degeneration (Gale et al., 2003) . Therefore, the foods/food groups identified in this study as increasing plasma carotenoid levels could contribute to lowering chronic disease risks. The negative associations of certain plasma carotenoids with intakes of meat products, beans and lentils, and fats and oils could have been because of the dietary displacements of fruit and vegetables by these foods, indicating that not all associations found in this study are necessarily causal. The positive association between plasma level of retinol and intakes of fats, oils and spreads might have been expected, although that with the intakes of beans and lentils and tea are difficult to explain. In non-users of AOX supplements, there was a positive association (Po0.05) between plasma a-tocopherol level and the intake of green leafy vegetables, which are rich sources of a-tocopherol in the diet (Tarwadi and Agte, 2003) . The significant positive associations between plasma level of vitamin C and intakes of berries, wines and herbal tea were also most likely to be direct causal effects.
Few studies have investigated effects of foods or their components on antioxidant enzymes in humans, apart from the widely established effects of cruciferous vegetables on inducing GST isoenzyme activities (Lampe et al., 2000) . However, in this study we did not find any such association. There were, however, several associations between the intakes of various foods and activities of GPX and SOD. Moreover, to confirm or refute the associations found for any causal relationships, further in vitro and in vivo studies would be necessary. The positive associations found between the total antioxidant capacity of plasma (FRAP value) and the intakes of fish, red meat and poultry, was probably as a consequence of an increase in plasma uric acid resulting from fish and meat intake. The positive associations found between wine and tea intakes and FRAP value have also been found in other studies (Cao et al., 1998; Benzie et al., 1999; Erba et al., 2005) , and this relationship could arise from the presence of several polyphenolic compounds present in these beverages. Finally, it is worth noting that habitual intakes of none of the fruit and vegetables subgroups had any associations with FRAP value, perhaps indicating some limitations to the use of FRAP assay as a measure of total antioxidant status in humans in vivo.
In terms of nutrients, there were few associations between macronutrient intakes and levels of various antioxidants. The positive associations between protein intake and plasma uric acid/FRAP value has already been discussed. The negative association between SOD activity and dietary fibre intake could have been due to increased fibre intake being simultaneously associated with an increased phytic acid in the diet, which could reduce bioavailability of dietary zinc and other trace elements such as manganese, which act as cofactors for SOD. In this study, zinc intake from food sources alone was indeed positively associated with SOD activity, although there was no association between selenium intake and GPX activity, which is well established (Brown and Arthur, 2001 ). The intakes of various trace elements (calcium, magnesium, zinc, selenium) were associated with the activities of different antioxidant enzymes. However, it would be almost impossible to make any reasonable deductions from these data alone and further cell culture and or animal studies will be required to confirm any associations of interest found in this study. The positive associations between carotene intake and plasma levels of a-and b-carotenes in the non-users on antioxidant supplements not only suggest a good dose-response relationship, but also suggest that the nutrient intake database and the diet history methodology used in this study were valid tools to assess habitual food and nutrient intakes. The positive associations of vitamin C intake with plasma levels of several carotenoids imply that vitamin C intake could generally be used as a marker for fruit and vegetable intake, as has been indicated previously (Genkinger et al., 2004; Wu et al., 2005) . Finally, the positive association between vitamin B 12 intake and FRAP value was more likely to be due to an indirect effect caused by the simultaneous increases of protein intake with vitamin B 12 intake, as protein-rich foods such as meat are the main source of this vitamin in diet.
In summary, vegetarians had elevated plasma levels of carotenoids but similar levels of other dietary and endogenous antioxidants compared with omnivores. This is despite the increased intake of most antioxidant vitamins (A, C, E) in the vegetarian group. The diet history method used in this study enabled us to carry out a detailed assessment of long-term habitual diet, which could have advantages over both randomized intervention trials, which focus on dietary changes over a relatively short-term period and large population studies, which for practical reasons use less extensive dietary assessment methods such as food frequency questionnaires or food diaries. Finally, this study has confirmed the importance of various plant-based foods in positively influencing levels of dietary antioxidants in the body.
